Introduction
The connection between the brain and the heart has been acknowledged since the infancy of medicine. Already in 1846, Burrow emphasized the neurocardiac connection in an article published in the British Foreign and Medical Review. While there is strong evidence for the involvement of the brain-heart axis in Takotsubo syndrome (TTS), [1] [2] [3] [4] the pathomechanism is still poorly understood. [5] [6] [7] [8] An overstimulation of the sympathetic nervous system due to stressful stimuli is hypothesized as the underlying cause of TTS, however its impact in TTS has not yet been clearly elucidated. [9] [10] [11] [12] There is compelling evidence that structures associated with the limbic system, particularly the hypothalamus and amygdala, are also credited as mediating the stress response. 13, 14 Recently, we have demonstrated that structural anatomical brain differences exist between TTS patients and healthy controls. 4 These include the limbic network which comprises the insula, amygdala, cingulate cortex, and hippocampus, all which might contribute to the emotional processing and the autonomic nervous system. 4 The present study aimed to identify resting state functional connectivity patterns in TTS patients at the whole-brain level and in particular subnetworks constituting brain regions of the central autonomic network and the default mode network.
Methods
Fifty-four subjects were included in the present analysis. TTS patients were enrolled from the InterTAK Registry, established at the University Hospital Zurich. 15 TTS patient inclusion criteria have already been published elsewhere. 2 Fifteen TTS patients and 39 age-and gender-matched healthy controls from the IHAB database 16 were included. Both groups did not differ regarding age, handedness, Mini-Mental State Examination or Hospital Anxiety and Depression Scale score (all P > 0.05; see Supplementary material online, Table S1 ). Data were acquired between July 2013 and July 2014 and the median time between the TTS event and the acquisition of the MRI scans was 378 days (inter-quartile range: 116-564 days). Further details about the study participants can be found in the Supplementary material online. Approval of local ethics committee ('Kantonale Ethikkommission Zürich') was obtained and the study was conducted in accordance with the declaration of Helsinki. For statistical analyses of the pre-processed MRI data, we defined four different sets of brain regions (network nodes) relevant to the hypotheses stated, that is, a sympathetic network, parasympathetic network, default mode network, and a whole-brain analysis (i.e. nodes covering all brain regions), among which network-based statistics identified subnetworks of altered resting state functional connectivity between groups. A detailed description of the network construction, computation, and the statistical analysis approach of resting state functional connectivity data are described in the Supplementary material online, and elsewhere. 17 In brief, resting state functional connectivity, that is, the extent to which two brain regions are simultaneously activated and therefore communicating with each other, of the four differently constructed networks of interest were compared between the TTS patients and healthy controls. Each of the four networks of interest were analysed at two different thresholds. Figure 1A -D represents the subnetworks established at the more conservative threshold, whereas the more liberally thresholded subnetworks are presented in the Supplementary material online. These subnetworks depict connections between brain regions (nodes) in which the two groups differ in resting state functional connectivity.
Results
In general, we found a decreased connectivity strength (hypoconnectivity) in all analysed networks of interest, that is, the parasympatheticand sympathetic-associated networks as well as in the default mode network and on the whole-brain level. Reduced functional connectivity reflects a decreased or altered communication between brain regions constituting a subnetwork. The specific brain regions with decreased functional connectivity in TTS patients are detailed below.
Demographic and behavioural measures
Demographic and behavioural measures and stressors, risk factors, and TTS-related symptoms can be found in Supplementary material online, Tables S1 and S2, respectively. Statistical analyses revealed no significant differences between TTS patients and controls (see Supplementary material online, Table S1 ).
Parasympathetic-associated subnetwork
At the higher set threshold (t = 2.30), the TTS-related parasympathetic-associated hypoconnected subnetwork was composed of seven edges distributed over eight nodes (P = 0.003, family wise error (FWE)-corrected, 5000 permutations). The nodes involved were the right amygdala, left and right hippocampus, left and right middle and superior temporal gyrus, left primary motor cortex, left supramarginal/angular gyrus, and the left cerebellum ( Figure 1A and Supplementary material online, Figure S1 and Table S3 ).
Sympathetic-associated subnetwork
At the higher set threshold (t = 2.25), the TTS-related sympatheticassociated hypoconnected subnetwork was composed of five edges distributed over six nodes (P = 0.044, FWE-corrected, 5000 permutations). The nodes involved were the left and right middle cingulate gyrus, left dorsolateral prefrontal cortex, left and right cerebellum, and the left superior parietal lobule/supramarginal gyrus ( Figure 1B and Supplementary material online, Figure S2 and Table S4 ).
Default mode network
At the higher set threshold (t = 2.15), the TTS-related hypoconnected default mode network was composed of 15 edges distributed over 15 nodes (P = 0.033, FWE-corrected, 5000 permutations) including the left and right hippocampus, left parahippocampal gyrus, left and right dorsal and ventral medial prefrontal cortex, left and right posterior cingulate cortex, left temporal pole, left and right posterior inferior parietal lobule, and the left and right temporoparietal Figure 1 Takotsubo syndrome-related hypoconnectivity among central nervous brain structures controlling para-and sympathetic functions as well as regions associated with the default mode network and limbic system. Shown are the more conservatively thresholded subnetworks with reduced resting state functional connectivity in Takotsubo syndrome patients compared with healthy control women. Colour bars represent the set t-value of the connections between which the two groups differ in connectivity strength. The more liberally thresholded subnetworks and detailed information of the nodes and connections involved are shown in the Supplementary materials online. (A) At the higher set threshold (t = 2.30), the Takotsubo syndrome-related parasympathetic-associated hypoconnected subnetwork is composed of seven edges distributed over eight nodes (P = 0.003, FWE-corrected, 5000 permutations). A detailed description of the nodes constituting the subnetworks can be found in Supplementary material online, Table S3 . Among these nodes are the right amygdala, left and right hippocampus, left and right middle and superior temporal gyrus, left primary motor cortex and the left supramarginal/angular gyrus, and the left cerebellum. (B) At the higher set threshold (t = 2.25), the Takotsubo syndrome-related sympathetic-associated hypoconnected subnetwork is composed of five edges distributed over six nodes (P = 0.044, FWE-corrected, 5000 permutations). A detailed description of the nodes constituting the subnetworks can be found in Supplementary material online, Table  S4 . Among these nodes are the left and right amygdala, left and right middle cingulate gyrus, left dorsolateral prefrontal cortex, left anterior insular cortex, left and right cerebellum, and left and right supramarginal gyrus and superior parietal lobule. (C) At the higher set threshold (t = 2.15), the Takotsubo syndrome-related hypoconnected default mode network is composed of 15 edges distributed over 15 nodes (P = 0.033, FWE-corrected, 5000 permutations). A detailed description of the nodes constituting the subnetworks is depicted in Supplementary material online, Table S5 . Among these nodes are the left and right hippocampus, left parahippocampal gyrus, left and right dorsal and ventral medial prefrontal cortex, left posterior cingulate cortex, left temporal pole, left and right inferior parietal lobule, and the left and right temporoparietal junction. (D) At the higher set threshold (t = 2.80), the Takotsubo syndrome-related hypoconnected subnetwork is composed of 13 edges distributed over 13 nodes (P = 0.023, FWEcorrected, 5000 permutations). A detailed description of the nodes constituting the subnetworks is depicted in Supplementary material online, Table  S6 . Among these nodes are the left anterior insular cortex, left posterior cingulate cortex, left and right medial orbitofrontal cortex, left middle temporal gyrus, right pallidum, and the cerebellum. Figure 1C and Supplementary material online, Figure S3 and Table S5 ).
Whole-brain network
We also conducted a whole-brain network analysis using a network composed of 125 nodes. The differentially thresholded subnetworks with reduced resting state functional connectivity in TTS patients compared with healthy control women are presented in Figure 1D and Supplementary material online, Figure S4 and Table S6 . At the higher set threshold (t = 2.80), the TTS-related hypoconnected subnetwork was composed of 13 edges distributed over 13 nodes (P = 0.023, FWE-corrected, 5000 permutations), including the left anterior insular cortex, left posterior cingulate cortex, left and right medial orbitofrontal cortex, left middle temporal gyrus, right pallidum, and the cerebellum ( Figure 1D ).
Discussion
The present study demonstrates that patients with TTS have altered functional connectivity patterns during resting state in comparison to healthy age-and gender-matched controls. Interestingly, we found that brain regions of both the central autonomic network and the default mode network are less functionally connected in patients with TTS compared with controls even months to years after their TTS episode. Our network analysis regarding the central autonomic network, which exerts control over both parts of the autonomic nervous system, revealed a decreased resting state functional connectivity in the parasympathetic as well as the sympathetic subnetworks compared with controls. The parasympathetic hypoconnected subnetwork consisted of the right amygdala, left and right hippocampus, left and right middle and superior temporal gyrus, left primary motor cortex, left supramarginal/angular gyrus, and the left cerebellum. The sympathetic hypoconnected subnetwork included the left and right amygdala, left and right middle cingulate gyrus, left dorsolateral prefrontal cortex, left and right cerebellum, and the left superior parietal lobule/supramarginal gyrus. In addition to these parasympathetic and sympathetic hypoconnected subnetworks, resting state functional connectivity was also reduced in TTS patients within the default mode network. This subnetwork involved the left and right hippocampus, left parahippocampal gyrus, bilateral dorsal and ventral medial prefrontal cortex, left and right posterior cingulate cortex, left temporal pole, bilateral posterior inferior parietal lobule, and the left and right temporoparietal juction. The whole-brain network analysis confirmed the specificity of limbic/autonomic nervous system-related central brain structures showing reduced resting state functional connectivity and hence being important in TTS. Activation of the sympathetic nervous system is well known to be involved in cardiovascular disease. 18 The amygdala is one of the key brain structures that exerts control over the response of the sympathetic nervous system to stress. The study by Tawakol et al. found that an increase in amygdala activity was associated with an increased risk of cardiovascular disease. 19 Thus, the amygdala is a major brain structure mediating the interactions between stress and cardiovascular diseases. Neurological disorders such as seizures, intracranial bleeding, and migraines are twice as common in TTS as they are in acute coronary syndromes. 2 Additionally, acute episodes of TTS are often triggered by emotional or physical stressors. 7, 20 Taken together, these findings support the concept that the autonomic nervous system is involved in the pathophysiology of TTS. Key nodes identified in this study, like the amygdala, hippocampus, and cingulate gyrus, are structures of the limbic system that control emotions, motivation, learning, and memory. The amygdala and cingulate gyrus are also involved in the central control of the autonomic nervous system and the regulation of cardiac function. 21 Additionally, the cingulate gyrus is an important structure in depression and other mood disorders that are common among TTS patients.
22,23
Interestingly, we observed decreased connectivity pattern in TTS patients in similar brain regions where we previously identified also structural alterations. 4, 17 Of note, we also demonstrated reduced resting state functional connectivity among nodes constituting the default mode network (Supplementary material online, Table S5 ). Each component of the default mode network is associated with different psychological functions. The decreased resting state functional connectivity in the default mode network suggests that TTS patients might have a weakened ability to make certain self-relevant decisions. In the presence of a TTS triggering event, the impaired default mode network subsystems may lead to a more pessimistic evaluation of the present and future self. This in turn could cause elevated levels of stress that adversely affect the limbic network and central brain structures that influence the autonomic nervous system.
We acknowledge the following limitations: It remains unknown whether resting state functional connectivity changes observed in TTS patients were present before the onset of the disease or secondary to the acute event; therefore, cause or effect cannot be determined, but a clear association exists. Second, only females TTS patients were included in the present study. However, only a minority of TTS patients are male (10%) and recruitment of a significant number of male patients is quite challenging.
Conclusions
In conclusion, the present study establishes subnetworks of resting state functional connectivity alterations in TTS patients compared with healthy controls. Most of the structures included in these subnetworks are important in emotional processing and autonomic regulation. While there are likely many causes of TTS given the heterogenic nature of the syndrome, the present findings suggest that alterations in the function of certain parts of the central nervous system may result in the onset of a TTS event in response to a stressful trigger.
The underlying pathophysiology of TTS is probably not only restricted to the cardiovascular system alone but also due to the interaction between the brain and the heart. Therefore, our findings might represent a neurological substrate involved in TTS and thereby reinforcing the current concept of the involvement of the brainheart interaction. 
Supplementary material
Supplementary material is available at European Heart Journal online.
